Phytoremediation of metal contaminated soils requires high-biomass plants exhibiting tolerance to and accumulation of metal contaminants. However, very little is known about the genes controlling these traits. In order to better understand this, Arabidopsis halleri ssp. halleri (L.) O'Kane and Al-Shehbaz, a naturally selected zinc and cadmium tolerant plant species capable of hyperaccumulating both metals, is a suitable model plant. To date, the scarcity of sequence information from A. halleri is still limiting its use as a model organism. Here we report 128 transcript-derived sequence fragments (TDFs) identified in a cDNA-AFLP approach aimed at identifying metal-regulated transcripts in roots. In addition we show that in roots of A. halleri, transcript levels of AhPDR11, encoding an ATP-bindingcassette (ABC) transport protein, are slightly induced in response to metal exposure.
Introduction
Arabidopsis halleri ssp. halleri displays zinc and cadmium tolerance, and in naturally occurring populations plants have been reported to hyperaccumulate zinc to concentrations of up to 2.4%, and Cd to concentrations of up to 0.15%, primarily in above-ground dry biomass (Bert et al., 2000 (Bert et al., , 2002 (Bert et al., , 2003 . This species has thus naturally evolved traits that are interesting for the development of plant-based phytoremediation technologies, although its biomass production is prohibitively low. However, A. halleri is well suited as a model plant to aid the development of a molecular understanding of metal homeostasis in higher plants. A. halleri and the closely related non-tolerant and nonaccumulating species Arabidopsis lyrata are the closest known relatives of the widely established genetic model species A. thaliana (Koch et al., 2000) . Within coding regions, cDNAs of A. halleri and A. thaliana have been reported to share approximately 93% sequence identity (Becher et al., 2004; Weber et al., 2004) . A. halleri is a diploid species with 2 n = 16 chromosomes. It can be crossed with A. lyrata, and populations have been obtained that segregate with respect to metal tolerance and accumulation (Macnair et al., 1999; Bert et al., 2003) . As a stoloniferous plant, A. halleri can be propagated clonally, and genetic transformation is being developed by several research 0939Ð5075/2005/0300Ð0172 $ 06.00 " 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://www.znaturforsch.com · D groups. However, the information on gene expression and nucleotide sequence of A. halleri is still very limited. For example, the design of primers suitable for expression analysis by quantitative real-time RT-PCR is dependent on precise cDNA sequence information.
The cDNA-AFLP technique is an unbiased approach for the identification of differentially regulated transcripts at the sequence level (Bachem et al., 1996) . It requires no prior sequence information and is capable of identifying transcripts that are expressed at very low levels. Here we report the identification and sequence of a number of putatively metal-regulated transcripts from roots of A. halleri.
Materials and Methods
Seeds of Arabidopsis halleri ssp. halleri (L.) O'Kane and Al-Shehbaz (accession Langelsheim), formerly termed Cardaminopsis halleri Hayek (L.), were collected at the site (Ernst, 1974) . The seeds were placed on a layer of 0.8% (w/v) solidified Noble agar (Bio101, Vista, CA, USA) in clipped black 0.5-ml Eppendorf tubes. These were inserted into holes in floating polystyrene lids. 50 to 60 seedlings were germinated and cultivated in 2-l vessels in a modified 0.25-strength Hoagland solution (Becher et al., 2004) as described in a climate-controlled growth chamber (temperature: 20 ∞C day/16 ∞C night; relative humidity: 60% day/ 75% night; light: 16 h day/8 h night at 120 µmol m Ð2 s
Ð1
). After germination, the solutions were exchanged weekly. Six-week-old plants were exposed to a nutrient solution (controls) or the same solution supplemented with 300 µm ZnSO 4 and 30 µm CdCl 2 for 6 h. Subsequently, the roots were harvested and immediately frozen in liquid nitrogen. Total RNA was extracted from roots of treated and untreated plants and used for the cDNA-AFLP protocol. RNA extraction, mRNA isolation, synthesis of double stranded cDNA (ds cDNA), restriction of ds cDNA, ligation of adaptors, and cDNA-AFLP analysis were performed according to a previously published protocol (Bachem et al., 1998) , which is available at http://www.spg.wau.nl/aflp.htm. Single stranded cDNA synthesis was primed using oligo-dT and the SuperScript TM First Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). The restriction enzymes used were AseI and TaqI (Roche, Mannheim, Germany). A total of 224 primer combinations with two additional selective nucleotides at the 3Ј end of each primer was used for transcript profiling. Each amplification step was performed in two replicates, resulting in a total of four technical replicates per treatment. After separation of PCR products on a 6% (v/v) denaturing polyacrylamide gel, the gel was dried and exposed to an Xray film for 3 to 5 d. Fragments of interest were excised from the polyacrylamide gel, eluted in 100 µm T 0.1 E buffer (10 mm Tris/HCl, [tris(hydroxymethyl)aminomethane], 0.1 mm Na-EDTA, pH 7.5) at 4 ∞C overnight. 1 µl of the eluate was used for reamplification using primers with the respective two-base extensions in a reaction volume of 10 µl. PCR conditions, except the primers, were the same as those of the pre-amplification step in the cDNA-AFLP protocol. PCR products were resolved on a 2% agarose gel to verify the expected size, and subsequently cloned into the TOPO pCR2.1 expression vector (Invitrogen) following the manufacturer's recommendations. Three to eight colonies per isolated fragment were picked and grown in 160 µl of liquid YT medium supplemented with carbenicillin in 96-well plates at 37 ∞C overnight. The inserts were tested for the correct size performing a colony PCR using the standard reverse primer M13rev and the standard forward primer T7for. The cell suspension culture was diluted 1:3 with double distilled H 2 O, 5 µl were used in a total volume of 25 µl in the subsequent amplification reaction. PCR products were resolved on a 2% (w/v) agarose gel for verification of the size of the insert. 3 to 8 clones per isolated fragment were sequenced (AGOWA, Berlin, Germany). The sequences of the fragments were compared with the A. thaliana genome and transcriptome in the AGI database using FASTA (Pearson and Lipman, 1988) . The cDNA fragments, FASTA search results and accession numbers are listed in Table I . Northern blot (Dräger et al., 2004) and quantitative real-time RT-PCR analysis (Becher et al., 2004) , respectively, were performed as described previously.
Results and Discussion
A cDNA-AFLP approach was employed in order to identify genes that were differentially expressed in roots of six-week-old A. halleri plants following exposure to a combination of 300 µm ZnSO 4 and 30 µm CdCl 2 for 6 h. In preliminary experiments, this metal treatment had been determined not to cause any toxicity symptoms or growth impairment in A. halleri within 1 week of exposure (data not shown). A cDNA-AFLP analysis was performed using 224 out of 256 possible primer combinations. From a total of approximately 19,000 bands that were visually inspected on polyacrylamide gels, 272 putatively differentially expressed fragments were excised. Of these, 197 eluted fragments could be re-amplified using the same primer pairs as in the second amplification step of the cDNA-AFLP protocol. Following re-amplification, a random selection of 78 fragments were successfully cloned. Initially, three clones per fragment were sequenced. An additional 3 to 5 clones per fragment were sequenced if the first set of 3 clones per fragment yielded two or more different sequences. A total of 329 clones were sent for sequencing. Sequencing of clones obtained from 37 transcript-derived fragments (TDFs) yielded single sequences for each TDF, whereas for 41 cloned TDFs between 2 and 4 different sequences were obtained per TDF. This suggested the presence of several fragments of the same size in about half of the excised bands.
In total, 136 different sequences were obtained. These were used in a homology search against the Arabidopsis thaliana and the AGI transcript and genome data bases using FASTA (Pearson and Lipman, 1988) . Homologous sequences corresponding to transcripts from A. thaliana were ob- Table I . List of A. halleri TDFs. Given are the annotations of the homologous A. thaliana sequences identified in a FASTA search and their AIS/MIPS codes, the % sequence identities between the nucleotide sequence of the A. halleri TDFs and the respective homologous A. thaliana sequences, the length of the A. halleri cDNA clones, the putative metal-exposure induced regulation in roots of A. halleri as suggested by the cDNA-AFLP experiment, and the EMBL accession numbers of the A. halleri sequences. tained for 128 sequences, whereas FASTA searches identified no homologous A. thaliana sequences for five sequences, and indicated that three sequences were likely to correspond to genomic DNA. These eight sequences were excluded from further processing. The 128 short cDNA fragments of transcripts that are potentially metal-regulated in roots of A. halleri are listed in Table I . Overall, the identity of cDNA fragments with homologous A. thaliana sequences was 91.08 ð 0.97%. This is slightly lower than our earlier observations, which is probably explained by the tendency of the used cDNA-AFLP method to yield fragments derived from the 3Ј untranslated regions of transcripts (Samuelian et al., 2004) . Initially, confirmation of the differential expression of two candidate genes was attempted by Northern blot analysis. For the generation of the probes two primers each were designed, one of which annealed to the cDNA sequence of the isolated fragments (AJ627047 and AJ627058, respectively), whereas the other was designed on the basis of the cDNA of the respective A. thaliana sequence. Amplification of A. halleri cDNA using the described primer pairs yielded the expected products of 740 bp for the probe corresponding to At4g19030 (AJ627047), and 390 bp for the probe corresponding to At3g53480 (AJ627058). Total RNA was isolated from root material used also for cDNA-AFLP analysis. Quantification of signal intensities revealed a 2.1-fold up-regulation of the gene corresponding to At3g53480 (Fig. 1) . This gene is highly homologous to the A. thaliana AtPDR11 (Martinoia et al., 2002) encoding an ATPbinding-cassette (ABC) transporter-like protein (At3g53480; AL132966), which is addressed as AtPDR9 in some studies (Sanchez-Fernandez et al., 2001; van den Brule and Smart, 2002) . Transcripts of the homologous gene in A. thaliana, AtPDR11 (or AtPDR9) have been reported to be most abundant in roots and to be induced by a toxic concentration of 100 µm CdCl 2 (van den Brule and Smart, 2002) . For the other gene tested, hybridisation of the Northern blot did not confirm metal regulation (data not shown).
Quantitative real-time RT-PCR experiments performed on plant material grown precisely as for the cDNA-AFLP indicated a 1.54-fold upregulation of transcript levels of AhPDR11 in response to metal exposure, as well as a 1.54-fold upregulation of the cDNA corresponding to fragment AJ627047 (data not shown). However, real-time RT-PCR did not indicate metal regulation of expression of genes corresponding to cDNA fragments AJ627047, 056, 060, 063, 064, 066, 069, 071, 078, 104, 109, 117 , and 144, after 6 h of exposure (data not shown, see Table I ).
In summary, metal-dependent regulation of transcript abundance was only confirmed for a small fraction of between one and two out of 14 genes that were arbitrarily selected from a total of 128 putatively metal-regulated genes identified by cDNA-AFLP. Moreover, for the genes confirmed to be metal-regulated the change in transcript abundance was small. This suggests that cDNA-AFLP is a highly sensitive technique, which can, however, result in the identification of false positives. Using microarray chips that cover approximately 80% of transcribed genes of A. thaliana, transcript levels of only 4 genes were found to be upregulated at least 3.5-fold (maximum 4.7-fold) in roots of A. halleri in response to exposure to 300 µm ZnSO 4 for 8 h (Ina Talke and Ute Krämer, unpublished data). Interestingly, according to the microarray data AhPDR11 was upregulated 1.8-fold in these experiments (data not shown). ABC transporter proteins have previously been implicated in cellular metal detoxification by mediating the sequestration of Cd-glutathione (Song et al., 2003) or Cd-phytochelatin (Ortiz et al., 1995) complexes. Further experiments are required to investigate the biological role of AhPDR11. The cDNA-AFLP and the microarray chip data both suggest that there are only minor transcriptional changes in response to metal exposure in A. halleri (Becher et al., 2004; Weber et al., 2004) . Instead, a number of genes are constitutively highly overexpressed in A. halleri at the transcript level. Consistent with this, both metal tolerance and accumulation have been described as "constitutive" in A. halleri ssp. halleri, implying that these traits are common to individuals from populations growing on metalliferous and on normal soils. More advanced cDNA-AFLP techniques have recently been developed that reduce the complexity of the primary template, and may reduce the occurrence of false positives in cDNAAFLPs (van der Biezen et al., 2000; Breyne and Zabeau, 2001 ).
